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Objectives
Our objective was to design and develop a mobile clinical decision support system for emergency triage of different acute pain presentations. The system should interact with existing hospital information systems, run on mobile computing devices, and be suitable for operation in weak-connectivity conditions (with unstable connections between mobile clients and a server).
Methods
The MET (Mobile Emergency Triage) system was designed following an extended client -server architecture. The client component, responsible for triage decision support, is built as a knowledge-based system, with domain ontology separated from generic problem solving methods and used for the automatic creation of a user interface.
Results
The MET system is well suited for operation in the Emergency Department of a hospital. The system's external interactions are managed by the server, while the MET clients, running on handheld computers are used by clinicians for collecting clinical data and supporting triage at the bedside. The functionality of the MET client is distributed into specialized modules, responsible for triaging specific types of acute pain presentations. The modules are stored on the server, and on request they can be transferred and executed on the mobile clients. The modular design provides for easy extension of the system's functionality. A clinical trial of the MET system validated the appropriateness of the system's design, and proved the usefulness and acceptance of the system in clinical practice.
Introduction
A clinical decision support system (CDSS) is defined as "any program designed to help healthcare professionals make clinical decisions" [1] . This broad definition covers several categories of computer-based systems, including:
• Systems for information management. They provide general data and knowledge for clinicians. Depending on the type of provided information, they are further categorized into medical information retrieval systems for managing and extracting medical knowledge, and electronic patient record systems (EPRS [2] ) for managing patient data.
• Systems for focusing attention. They are used to remind clinicians about actions that might require attention. Such systems are used in the ICU or laboratories to flag abnormal readings, in pharmacies to check and notify about possible drug interactions, and in clinical practice to remind physicians about certain tasks (e.g., immunizations) and alert about potential risks (e.g., patient drug allergies).
• Systems for providing patient-specific recommendations. They provide assessments or advice based on patient-specific clinical data. Systems from this category use diversified techniques to make decisions or to provide support in clinical decision making, from direct implementation of approved clinical practice guidelines [3] to advanced techniques of artificial intelligence [4] .
CDSS from the first two categories have been well accepted and used in clinical practice for more than three decades [5] to deal with the constantly growing amount of clinical information that has to be collected, processed and analyzed. Increasing interest in systems from the third category is driven by the necessity to make evidence-based and cost effective decisions [6] , and the efforts to improve healthcare processes and patient outcomes [7] . Patient-specific systems help clinicians make two types of decisions -diagnostic (what is the underlying health condition of the patient) and management (what to do for the patient). Although it is rather artificial to separate the diagnostic process from the management one, many clinicians believe that it is for the management process that they would most often seek support [1] .
Emergency triage is the first stage of the patient management process and it takes place as soon as the patient arrives at the hospital's Emergency Department (ED). It establishes the timing and type of care that needs to be given to the patient. CDSS supporting triage are rarely used in clinical practice, with few reported successful applications [8] . This situation can be attributed to the specificity of the ED workflow where clinicians work under time constraints and pressure, constantly moving from one patient to another. There is usually no place in the ED examination rooms to set up a clinical workstation that could host a CDSS, and entering data or consulting the triage decision on a workstation located elsewhere interrupts the workflow, causes delays and constitutes a significant hindrance [9] . Thus, despite apparent advantages, triage-supporting CDSS that rely on conventional computing platforms seem to have no place in an ED setting.
The need to overcome the shortcomings and limitations of conventional CDSS has led to the recent concept of m-health [10] . M-health, being an extension of e-health [11] , and understood as providing required support in an ubiquitous manner [12] , favors support systems that are available directly at the point of care, and thus can be easily integrated into the workflow.
Because of these advantages, mobile solutions have stimulated the interest of healthcare professionals and become accepted in clinical settings. The majority of currently available mhealth CDSS are drug databases and patient tracking systems [13] . There are few mobile patientspecific systems [14, 15] , with most of them being implemented as simple medical calculators or scoring procedures [13] .
Responding to the challenge of supporting ED triage, and taking advantage of the emergence of m-health, we developed the Mobile Emergency Triage (MET) system [16] to facilitate the triage of various acute pain presentations. MET belongs to the third category of CDSS -patientspecific systems, and it provides a triage suggestion on the basis of collected clinical information, using techniques based on artificial intelligence. Specifically, MET is a knowledgebased mobile CDSS with clinical knowledge presented explicitly in the form of decision rules.
The system works as a consultant -it facilitates the patient's triage by presenting possible management outcomes together with the strength of their recommendation, reflecting the uncertainty inherent in clinical reasoning. MET has a modular and open architecture with separate clinical modules associated with various acute pain problems, so it can be easily extended to handle new presentations. The system offers triage support anytime and anywhere (directly at the point of care). Moreover, it is integrated with EPRS and other hospital information systems (e.g., laboratory systems) to extract data already available in electronic form (e.g., information collected during patient's registration and results of the laboratory tests) and to allow clinicians to transfer the results of the ED examination to the EPRS after finishing with the patient. Thus, MET can be also considered as an electronic patient chart, extending the EPRS.
The paper is organized as follows. In the next section we discuss the workflow in the ED, and how MET fits into it. Next, we present the requirements that should be satisfied by any patientspecific CDSS, and illustrate how we designed the MET system to adhere to them. We then describe a clinical trial, designed and conducted to verify the usefulness of MET in clinical practice. Finally, we end with a discussion.
Triage of Acute Pain Presentation and ED Workflow
Patients presenting to the ED with acute pain problems undergo triage, which consists of two assessment phases that respectively answer the following two questions: how quickly does the patient need to receive medical attention, and what type of management is necessary? Figure 1 illustrates the workflow associated with the triage process, and represents the basis for the MET system design.
The first assessment phase, called prioritization, is done by a triage nurse who evaluates the severity of the patient's clinical condition. The patient is assigned an appropriate priority level that determines how quickly the ED physician should see the patient. Patients assigned a high priority are seen immediately by the physician, while lower priority patients may wait for prolonged periods of time.
The second phase, medical assessment and disposition, is aimed at establishing the management path for the patient's problem. It involves the physician evaluating the patient's history, conducting a physical examination, and ordering diagnostic tests. This results in one of the following disposition decisions (triage recommendations):
! Discharge, which implies that the patient has a benign and/or resolving presentation and can be sent home with possible follow-up with the family physician. ! Observation/further investigation, which means that continuing in-hospital observation and/or investigation for a potentially serious cause of a presentation is required. ! Consult, which indicates that a request for urgent specialist consultation (e.g., surgical consult for appendicitis, or urology consult for testicular torsion) and further management are required.
In the research reported in this paper, we are concerned with the medical assessment and disposition phase, and for simplicity, we further refer to this phase as the triage, and to the disposition decisions as the triage decisions.
There are two general roles that a CDSS may play in supporting the clinical workflow [1] : ! Consultant, when the system serves as an advisor that accepts patient-specific data, asks additional questions and generates advice. ! Critique, when the system acts as a "sounding board" that evaluates clinicians' preconceived management options, evaluates them, or suggests reasoned alternatives.
We designed MET to be a consultant that can be used anytime during the triage of a patient. We believe that the experience of the healthcare professional working with the system is a key factor influencing the usage of MET. Experienced physicians are likely to consult MET when the triage is almost completed in order to verify the likely triage recommendation. In the hands of less experienced physicians, MET may be used early in the triage process to help with structured data collection, and to assure that the disposition is not based on incomplete or irrelevant data. This flexible modus operandi of MET in the ED does not require any changes in the management process or in the ED workflow, thus improving chances of the system's being accepted in the ED practice.
The MET System
Requirements for a Patient-Specific CDSS
CDSS are used in different settings and by different users. Despite such diversity, there is one common need that they have to fulfill in order to be successful in clinical practice -the fit into the clinical workflow [1, 5] . The use of CDSS should not introduce any significant changes into the regular clinical routine or into well-established procedures (i.e., clinicians cannot be forced to leave patients in order to consult a system running on a remote workstation); otherwise, the system will be rejected, despite its functionality [5] . Ideally, a CDSS should seamlessly integrate with the workflow and eventually become a "byproduct" of the physicians' regular work practice [1] .
Patient-specific CDSS, apart from fitting into the workflow (which also means not trying to replace the clinicians [1, 17] ), have to satisfy two equally important additional needs [1, 4] : ! They should offer reliable and comprehensive advice. Clinicians are the ultimate decision makers and this is not likely to change for a variety of reasons [4] . Therefore, they will only accept systems acting as consultants that provide additional information and advice, but allow them to make the final decision. Such systems not only have to offer acceptable reliability (specificity and sensitivity), but also need to be able to explain and justify their recommendations. ! They should integrate with the EPRS and other hospital information systems. Such integration allows the users to access data that are already stored in electronic form (e.g., the details of presentation collected during registration and prioritization) and saves users from re-entering available information. This is why the integration is often considered as another factor (together with the fit into the workflow) for the successful use of advising systems in clinical practice [2] .
When designing the MET system, we had to transform these three high-level needs (fitting into the workflow, offering reliable advice, and integrating with the EPRS) into low-level requirements and specific design specifications. We started with the fit into the workflow. The medical personnel in the ED have to make clinical decisions under stress and time constraints [18] directly at the point of care. The physician doing triage does not have time to consult a remote workstation (most examination rooms in the ED do not have enough space to accommodate a computer), and therefore should be equipped with a "handy" support tool that could be used when and where it is needed. Such support at the point of care has only recently become possible with the technological advances [12] that have led to the concept of m-health [10] . This concept has just started being used in the design of CDSS [13] [14] [15] , but considering that such systems have the capability of providing seamless integration with the workflow [19] , we opted for the m-health design of MET.
Mobile devices offer limited computing capabilities in comparison with desktop systems. They are not capable of storing large amounts of data and performing computationally demanding tasks (this is why they are called "lean" platforms). When designing MET, we addressed those issues by distributing the system's functionality between clients and a server that would store the data and be responsible for intensive processing (e.g., exchanging data with other clinical systems). The most convenient method of communication between the server and the clients is through wireless networking [20] . However, its availability in a hospital cannot be taken for granted, due to the varied adoption of this technology by hospitals over security concerns and possible interference with other medical equipment. Therefore, when designing MET, we followed the extended client-server paradigm [21] that is suited for weak connectivity, where permanent connection between clients and a server cannot be maintained, and where extended clients provide crucial functionality without contacting the server. In the case of MET, the functionality on the client side included entering and storing locally data that were collected during the patient's examination, and supporting triage decisions.
The MET system needs to communicate and exchange data with the EPRS and other hospital information systems (e.g., laboratory systems) to relieve clinicians from entering data already available in electronic form, and to provide access to the most recent and complete information. We ensured such a system's interoperability by making the MET server capable of receiving, processing, and sending messages (trigger events [1] ) generated by the EPRS and other systems. This implied making the server aware of standard protocols used in a hospital for exchanging messages and terminologies used for coding their content.
In order to be accepted in practice and gain the confidence of clinicians, MET has to mimic a trustworthy consultant by offering a reliable support function, and the capability to explain its recommendations. When designing the support function of the system we decided to use decision rules extracted from historical data to construct decision models for triaging specific acute pain presentations. Decision rules represent clinical knowledge similarly to practice guidelines, and thus they are easy for clinicians to understand and to accept (e.g., the Ottawa Ankle Rule [22] ). Medical experts can also verify such knowledge before it is embedded into the system. Moreover, the use of decision rules is transparent [4] and it offers extensive capabilities of explaining and justifying suggested decisions (e.g., specific rules that led to certain recommendations can be presented to the clinician). Finally, our earlier research on developing rule-based clinical decision models demonstrated that such models achieved satisfactory accuracy of triage recommendations [23] .
In the following subsections we present the detailed design of MET from two perspectivestriage support available on the client, and synchronization and integration provided by the server.
Design of the Triage Support Component
Design of the triage support component was a challenging task. On the one hand, it had to support various acute pain presentations, but on the other hand, it had to operate on a "lean" mobile device, with limited memory and computational power. The easy solution would have been to design a dedicated support system for each presentation of pain, and to upload these systems on the client when required. However, it would limit the flexibility and reusability of the solution. Moreover, it could easily lead to the critical mass issue (when users would not be able to navigate between applications supporting very specific tasks) [24] . To avoid those problems we employed the design inspired by the research on decision support systems with separated domain ontologies and domain independent, generic solving methods (also called solvers) [25, 26] .
Domain ontology is enumeration and organization of concepts in a problem area. It defines classes of concepts (e.g., patient, visit) and the relationships among these classes (e.g., there is at least one visit for a patient). Domain ontology is used for building knowledge bases with instances of described concepts (using database terms, an ontology can be viewed as a schema of a database, with a knowledge base as its content [25] ). A solver is a general strategy that can be applied to any domain ontology without the need for customization.
Building a knowledge-based system using independent blocks, domain ontologies and generic solvers, results in reusability of these blocks and flexibility of created systems, because the same ontology can be used by many solvers, and one solver can utilize many ontologies. Moreover, this approach allows one to easily decompose complex systems into much simpler ones that could be assembled together on request. The ontology -solver separation is not only important from a systems engineering perspective, but it flows directly from the research in medical informatics. Ontologies are the ways of presenting conceptualizations of health-related application areas in machine-understandable formats, and generic solvers represent fundamental algorithms for processing clinical data and knowledge [26] .
In the MET system we use a common basic ontology that is specialized for each type of acute pain, and thus each clinical module. The basic ontology contains four classes of concepts:
patient, visit, presentation, and rule. A patient has at least one visit associated with a single presentation of a clinical problem that describes the patient's clinical attributes (symptoms, signs and tests). Presentation remains an abstract concept (no entities of this concept are created) that is specialized to specific acute pain presentations by adding appropriate attributes. Figure 2 presents the ontology specialized for presentation of abdominal pain, and we have also developed ontologies for presentations of scrotal pain and hip pain, thus proving the extensibility and scalability of our design principles. Finally, rule represents a decision rule used by the solver to establish the recommended triage decision. It relies on the concept of presentation to characterize the patient's condition, and becomes usable when the basic ontology is specialized.
The knowledge base in the MET system contains decision rules that were created from data describing past cases using automatic knowledge discovery techniques. The scope of the knowledge base is determined by a specialized presentation concept and clinical attributes used in the ontology. An automatic approach to constructing the knowledge base allowed us to avoid the Feigenbaum bottleneck [27] associated with acquiring knowledge from experts and from medical literature. The data used to generate decision rules come from patients' ED charts, evaluated and transcribed as part of a retrospective chart study, and augmented with verified patients' outcomes. This approach to knowledge discovery, though having some drawbacks [28] , allows for an encapsulation of clinical knowledge that attempts to capture the clinical acumen of experienced physicians. The decision rules used in MET were generated using knowledge discovery techniques based on rough set theory [29] [30] [31] [32] . The usefulness of rough set theory comes from its capability to process symbolic and numeric values, to deal directly with inconsistent and incomplete information [33] without diminishing the robustness of the results. Clinical data usually include a mixture of numeric and symbolic values (e.g., temperature and the type of pain), describe patients characterized by the same values of clinical attributes but having different disposition decisions (there might be some information that was applied to make the final decision, but it is not included in the charts, thus differentiating between patients is impossible), and usually have a large number of not specified (missing) values (especially for laboratory tests that are not ordered for every patient).
The MET system relies on decision rules to triage a patient, and it currently uses one solver, the similarity-based inference engine [34] , that proved to be effective in previous applications of triaging acute pain [16, 35] . The solver can arrive at a decision even if the patient's data are incomplete or inconsistent with decision rules from the knowledge base (it fires partially matched rules that are most similar to the available data); however, the strength of the recommendation would then be decreased. The solver can be easily updated or expanded if a better solving method is found, and it is also possible to add new solvers, providing that the domain ontology is extended accordingly. We have plans to modify the domain ontology to include clinical pathways, and to add an appropriate solver to handle this functional extension.
Domain ontologies are not only the building blocks for knowledge-based systems; they can also be used for the automatic construction of user interfaces [36] . Such interfaces reflect the ontologies on which they are based, and self-adapt whenever the ontologies are modified. To generate an interface, the ontology has to be expanded by additional information: for example, what selectors (high-level representations of user-interface components [37] ) to use for specific attributes of defined concepts. Although the idea of automatically generated interfaces was developed and applied in developing the knowledge acquisition tools for creating and updating knowledge bases [38] , we decided to employ this methodology to create the interface for entering and presenting the values of clinical attributes collected during the patient's assessment. The fact that MET is intended to be used in a specific, well-defined domain (i.e., the triage of acute pain), simplifies the creation of the interface, as most of its components are common for different types of acute pain presentations, and only a few have to be customized. Limited customization does not require extensive computations and can be done directly on a mobile device whenever a patient with a specific presentation is evaluated.
The ontology for the automatically created user interface of the MET system is illustrated in Figure 3 . It is composed of the interface objects belonging to two basic classes: forms and selectors. The form object is used to present information, while the selector object is used to enter and modify values of clinical attributes. Customization is required for attributes forms, as they have to present the values of attributes considered for a specific pain presentation, and for selectors utilized for entering data, because they have to be adjusted to the domain of an attribute (a set or a range of possible values). Table 1 presents the specification of the customized interface for the presentation of abdominal pain.
The form and selector objects were designed with the specificity of the clinical task, the needs of the clinicians [39] , and the specificity of mobile computing devices in mind. MET has to support interactions that are timely and easy to follow, allowing the user to focus on the task at hand and to perform the triage with no increase in the cognitive burden associated with use of the system (imposed, for example, by its technical specificity). At the same, time it has to work on a mobile device with limited means of interaction (much smaller displays, data entry techniques limited to touch sensitive screens and handwriting recognition). This makes many of the modalities routinely employed in desktop systems useless here. Therefore, the interface was designed according to user-oriented [40] and task-oriented [41] design methodologies, and following the specific guidelines for clinical systems [42] and mobile devices [43] : ! Presentation format should enforce clinicians' focus on the key data, ! Terms should be familiar to the clinicians and should relate to triage, ! Data entry should minimize the chances for transcription mistakes, ! Access to and support for routine tasks should be straightforward, ! Navigation cues and the system's options should be easily accessible.
Sample implementations of form objects are given in Figures 4 and 5 . They present the navigation form providing access to the different MET functions, and the attributes form customized for specific pain presentation with the values of attributes and with navigation cues. All terms and shortcuts on these forms (e.g., Hx, PE or Ix) come from medical practice, and clinicians were consulted regarding their use. Figures 6, 7 , and 8 illustrate the implementation of different selector objects that are used for entering the values of different attributes (with a finite set of values, with numerical values, and with values represented graphically on a pictogram). The selectors were designed to make the data entry more efficient (faster) and less prone to transcription errors, and to minimize the amount of information entered through handwriting recognition (it is still supported for expert users; however, less advanced ones can operate MET by clicking on buttons and images). Moreover, whenever possible, we used images, pictograms, and symbols specific for the triage task and familiar to clinicians. It was reported in the literature that such a structured data collection alone may improve physicians' clinical performance [44] [45] [46] .
The architecture of the MET triage support component is given in Figure and it illustrates the idea of separating the domain ontologies from generic solvers and using the same solver with many ontologies. The functionality of the triage support component of the MET system derives from the clinical modules and the shell. The clinical module contains the domain model with specialized ontology, and the knowledge base with the decision rules that form the decision model. The domain model and the knowledge base are consulted by the shell to customize and execute the interface, and to give the triage recommendation.
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The shell consists of the interface repository (with interface objects constructed according to the interface ontology), the solver, and the executor, which cooperate together, but are independent. They communicate with one another by using a well defined set of services, and thus they can be easily modified or replaced, provided that their services remain unchanged. The executor is responsible for the majority of tasks performed by the shell while handling a patient with a specific presentation of pain. First, it invokes the clinical module specific to the presentation. It then uses the information stored in the domain ontology to customize the interface, runs it, and interacts with the clinician. When the clinician decides to enter or modify the values of the clinical attributes, the executor retrieves and customizes the appropriate interface object from the interface repository, and when the clinician requests a triage recommendation, the executor invokes the solver. The solver operates on the decision model from the clinical module to produce a recommendation and passes the result to the executor, which in turn communicates it to the clinician. To reflect the uncertainty inherent for clinical reasoning, and to give a better insight into the recommendation, the executor does not present the unequivocal outcome, but instead it reports all possible dispositions together with their strengths (see Figure ) , letting the clinician make the final decision (initially MET also presented rules that led to a specific disposition, but we had to give up that idea because of the difficulties associated with displaying the rules in a readable format on the small display of a mobile device).
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Separation of the clinical modules and components constituting the shell supports easy modifications (updates are bounded to a single module) and deployment of new modules without modifying the whole triage support component. Moreover, linking the interface creation task with the functionality of the executor, and limiting the required customization to a few elements, allows the creation of the customized interface during run time when the appropriate clinical module is being invoked. This approach gives the clinician the impression of working with a single application. In fact, he/she works solely with the executor, and there is no need to manually switch between different clinical modules by quitting an active one and activating another, as would be required in the case of stand-alone specific applications that are compiled in advance and installed on a handheld. Thus, the danger of the critical mass problem is successfully addressed. Finally, careful design of the interface with the specificity of the task, the clinician, and the computing platform in mind, leads to a solution that is convenient, usable and does not deter clinicians from routine management.
Design of the Synchronization and Integration Component
Weak connectivity (i.e., infrequent connections between a client and a server) calls for an extended client-server architecture [21] , also known as flexible client-server architecture [47] , where the client takes over some functions of the server when a connection is not available. The architecture of the MET system is presented in Figure 11 . The MET server integrates with the EPRS and other clinical systems via the integration subsystem. It also communicates with clients, using the sync subsystem to exchange patients' data, and to send the necessary clinical modules associated with specific presentations (the modules are stored on the server and executed on the client side). The MET client provides facilities to collect clinical data, it retrieves required clinical modules, supports triage decisions, and synchronizes collected information with the server.
The ability to provide support without connection with the server requires the triage support component (i.e., the clinical modules and the shell) and the local patient database (used for storing data received from the server and collected during examination) to be located on the client side. Unlike classical knowledge-based systems, where knowledge supplied by the experts and case data entered by the users are stored in the same knowledge base, the MET system maintains the case data in a separate database to simplify their management and facilitate data synchronization with the server.
Weak connectivity and the need to integrate with the EPRS necessitate the use of the temporal database on the server side. It plays the role of a buffer that stores information before it can be transferred to the clients or back to the EPRS, thus minimizing the number of interactions and eliminating the need to query the EPRS whenever clinical data are to be sent to the client.
The MET server communicates with the EPRS and other hospital information systems using the HL7 (Health Level 7) protocol [48] . HL7 is the standard of exchanging information between medical applications. It specifies the format and content of the exchanged data; however, it defines neither how messages are passed between applications nor how applications process this information. This flexibility allows one to use various network protocols and to integrate diverse systems without extensive modifications. Although HL7 ensures that information is passed between various clinical systems, it does not ensure its interoperability (different systems may use different terms referring to the same piece of information). The latter is achieved by relying on standards for medical terminologies, such as SNOMED-CT [49] and ICD-10 [50] for diagnoses or LOINC [51] for observations and results of laboratory tests.
When a new patient is registered in the EPRS, an admission message (ADT trigger event) with demographic information and presenting complaint is generated and transmitted by the HL7 interface engine to other clinical systems, including MET. The integration subsystem on the MET server decodes it and stores received data in the temporal database, where they await the next synchronization with any of the mobile clients. Moreover, when new data are reported to the MET server by any other system using an observation report (ORU trigger event), the server makes necessary updates and keeps the recent values. As in the case of admission data, the new results are transmitted to clients during the subsequent synchronization. Whenever data in the temporal database are updated by any of the clients, the integration subsystem sends messages with observation reports to the interface engine, which in turn passes them to the EPRS and remaining systems, thus maintaining consistency of shared information. At present, the MET server sends messages when the examination and triage of a patient are completed. Exchange of HL7 observation reports is limited only to these clinical attributes that are defined in domain ontologies of acute pain presentations handled by the system, so the server does not accept and store redundant information.
Although there are medical terminologies for precise specification of diagnostic evaluations, interventions, laboratory results and observations or drugs, there is still no unified terminology to capture a medical history or findings on physical examinations [1] . As the majority of information processed by MET comes from the examination in the ED and describes the patient's history and physical findings, we follow the coding standard established at the Children's Hospital of Eastern Ontario (CHEO) in Ottawa, Canada † . Only results of laboratory tests are presented according to LOINC. Such an approach ensures that transferred information is correctly interpreted and processed by other clinical systems. Moreover, if the appropriate terminology is introduced, the system can easily accommodate it by updating the integration subsystem on the MET server.
The server and the client can synchronize their data using wired or wireless connection. Synchronization involves sync subsystems of the client and the server. It consists of two phases. In the first phase, patients' records are synchronized and the process is bi-directional (i.e., data are transferred from the client to the server and then from the server to the client). After obtaining data from the client, the server updates the temporal database and keeps the most recent values. Then the server sync subsystem sends data to the client. To limit the amount of transmitted data, only records of active patients are transferred -records are active for a specified time window (by default it is 6 hours) after a patient is admitted and registered in the EPRS, and when the active time window elapses, the record is deactivated and data are no longer synchronized. The client sync subsystem updates the contents of the local database by overwriting existing records with received ones and removing inactive records.
During the second synchronization phase, the server sends the necessary clinical modules to the client. First, the server sync subsystem sends those modules that are required to handle patients' records transferred in the first phase, and that are not currently available on the client side. A presenting complaint is stored with the demographic data sent by the EPRS, so it is known what clinical modules are necessary to handle these records. The server sync subsystem then sends the modules explicitly requested by the client. It may happen that the initial complaint given during registration is not correct, and another clinical module is necessary to triage the patient. If the module is stored on the client side, the clinician may switch immediately and continue evaluation. However, if it is not available, the client sync subsystem requests it during the next synchronization. After receiving the requested clinical modules, the client sync subsystem removes all unnecessary ones. A module becomes unnecessary if there are no records in the local database that require processing by a given clinical module.
By integrating with the EPRS, the MET system saves clinicians' time. Moreover, by sending back values collected during the examination in the ED, the MET system can be also considered as an electronic extension of the patient's chart, allowing for structured and convenient data collection and storage in an electronic format. We should stress that the patients' data stored on handheld computers and transferred to the MET server require solutions for protecting privacy and security. The access to the local database is authenticated by a password that must be supplied when the MET client starts. Moreover, the content of the database is encrypted, and it cannot be read without supplying the encryption key. Finally, when the clients synchronize information with the server, a secure protocol (Transport Layer Security [52]) is used.
Clinical Evaluation
The MET system with the abdominal pain module and its fit into the ED workflow were prospectively evaluated during a clinical trial at CHEO. Because of ethical concerns regarding the possible influence of the system's recommendations on the patient management process, clinicians were blinded to the triage recommendation provided by MET. Instead, they were able to enter their own triage decisions. These were later reviewed and compared to the MET recommendations and to the gold standard triage disposition (validated during a follow-up and a chart audit). Thus, the functionality of the system was confined to fit the workflow, and the support function was invoked in the background and verified off-line, after completing the management of the patient.
The design of the clinical trial is presented in Figure 12 . After the patient was registered and prioritized, the system checked to see if the presenting complaint was abdominal pain. Patients with other presentations were automatically excluded from the trial (the MET server filtered out admission messages generated for such patients) and those with abdominal pain were subsequently asked to consent to the trial participation (consent was requested from the child's guardian). After obtaining consent, the eligibility of the patient was verified against a set of inclusion/exclusion criteria. If verification was positive, the patient was included in the trial, and the clinician used MET to enter clinical data collected during assessment, and to record his/her triage dispositions. In all cases, documentation of the patient's visit was also completed on the paper ED chart.
The follow-up and chart audit were conducted about two weeks after the patient's visit to the ED to determine the patient's final diagnosis. This included a telephone call to check if other medical assistance was required after visiting the ED. The hospital chart was reviewed for the results of any further visits, tests or consultations. The final diagnosis, established during the follow-up, determined the gold standard for the triage recommendation that was used while calculating and comparing the accuracy of the ED physicians and the MET.
The trial at CHEO lasted for 8 months, and patients were recruited 24/7. During that period 2255 patients with abdominal pain visited the ED. Of 1098 patients eligible to participate, 632 were approached to participate, and only 38 did not consent. Finally, 574 patients were verified during the follow-up. Patients and parents did not have problems participating in the trial, as the use of MET did not introduce additional examinations or invasive tests, and did not lengthen their time spent in the ED.
The MET system was used by over 100 members of the ED clinical staff (physicians and residents) who had not been involved in the design and development of the system. This group had diverse prior experience with handheld computers, ranging from complete novices to advanced users experienced with medical applications. All users participated in short orientation sessions (half an hour) and were able to operate the MET client without any difficulties.
The overall accuracy of the MET system was slightly lower but not statistically different from the accuracy of the ED physicians (70.2% for physicians vs. 67.2% for MET). Though the utility of a tool with only 67% accuracy may be questioned, we maintain that the performance of the MET system is satisfactory, considering that it mirrors that of experienced physicians in a teaching hospital, and is used at an early stage of the management process. It is also important to stress that MET's triage accuracy was calculated considering only the recommendation that acquired the highest strength, while the clinician using the system would be able to see all triage recommendations with relative strength recommendations.
Discussion
The management of patients with acute pain presentations in the ED requires repeated evaluation of the patients' history, physical findings and investigations. On the basis of this assessment, patients are triaged to an appropriate management path. Thus, any CDSS deployed in an ED needs to have the ability to mimic this process by having information-gathering capabilities, the ability to provide a triage recommendation, and it must be available anytime and anywhere at the point of care. The MET system follows the general framework proposed for medical aid tools for patient management support [53] . At the same time, it significantly expands the scope of these tools by allowing for structured data capture, storage and transmission to and from the EPRS, and providing the triage support function anytime and anywhere. Due to the fact that it runs on a handheld computer that is familiar to many clinicians, and since the system requires no special networking setup, it can be easily introduced and used in a variety of ED environments. The system's modular design makes it very easy to modify its clinical functionality, or to expand its scope by adding new clinical modules. This design solution allows us to extend the system's list of possible mobile clients to other mobile devices, such as tablet computers or advanced cell phones (so called, smart phones), and this research is currently underway. Our clinical evaluation of the MET system in the ED of a teaching hospital is one of very few cases where a computerbased support system has been actually tested in clinical practice. The 24/7 trial design implied that MET had to operate flawlessly without any external support, and the clinicians well received the CDSS implemented on a handheld very well. Their comments and the relatively high enrollment of eligible patients in the trial confirmed that the system's design fits the ED workflow. Following this positive experience, a multi-center trial of MET with full functionality is planned in the future. Follow-up and chart audit
